Abstract. Two-year sea-surface temperature time seri~ of satellite data at two sites
Introduction spectral techniques. Additional information can be found in Daubechies [1992] .
There have been few applications of wavelet analysis in oceanography and only one known to the authors that is related to the current topic. used wavelet analysis to study the propagation of mixed Rossby-gravity waves in an idealized numerical model of the Indian Ocean. A structure in parameter space corresponding to Yanai waves was obtained and the time evolution of the transform yielded a direct measure of the group velocity c,(k), where k is wavenumber. Their results also showed a reduction in available wavenumbers during the model run which might be related to the narrow range of frequencies often found in the western Indian Ocean. Here, a study of the Indian Ocean SST is conducted in an effort to search for this behavior.
The antisymmetric temperature (defined below) at fixed positions over two years is examined. It is shown that wave dispersion is indicated in 1987 but not in 1988. While some of the reswts are consistent with previous measurements [Tsai et al1992] , additional spatio-temporal information is available through the wavelet transform. A brief description of the continuous wavelet transform used in this article is now given, followed by results of the analysis.
Wavelet analysis
This discussion is restricted to key points in the analysis of a one-dimensional function I(t). Thorough treatments of the rapidly growing theory and applications of the wavelet transform can be found in several recent references including Farge [1992] , Daubechies [1992] and Meyer [1993] .
Wavelet analysis is based on the convolution of f(t) with a set of functions g..(t) derived from the translations and dilations of a mother wavelet g(t), where Waves with periods 25-30 days, sometimes referred to as Legeckis waves [Legem 1977) , have been found in all the world's equatorial oceans. Measurements of these waves using Expendable Bathythermographs (XBT), drifting buoys, current meters and satellite sea-surface temperature (SST) measurements have shown their properties strongly resemble linear mixed by-gravity waves [e.g., Legeckis 1977; Halpern et al. 1988; Weisberg and Weingartner 1988] . The properties of these waves are largely known from standard Fourier iques that yield spectral coefficients that are averages over the entire measurement. Fourier methods do not typically produce information on the time-evolution of a signal. One exception to this was Tsai et al [1992] who examined the complex demodulation of the 26-day mode -the frequency associated with mixed Rossby-gravity (Yanai) waves in the ocean -for the 1987-1988 SST in the Indian Ocean at 30 latitude and 56°E. In this article Legeckis waves are studied using the wavelet transform (WT), described in the next section.
The WT is similar to a windowed Fourier transform (WFT). However, the WT is a more localized measurement and is not subject to bias errors for windows smaller than the long periods in the data. Complex demodulation, another Fourier technique, does not provide the complete mathematical framework as does the WT -nor do WFTs. However, it is beyond the scope of this paper to fully compare the WT to other Copyright 1994 by the American Geophysical Union.
Tg(b, a) = a-l/2 f dt 9 ! ~ ~) j(t). (2) Equation (2) SST, x, y are zonal and meridional p~ition respectively and t is time. T...(t) at tWo fixed (x, y) positions are analyzed below. TA,(t) is used in this analysis for two reasons: (i) mixed Rossby-gravity waves are antisymmemc in their pressure and zonal velocity structure and may be related to an antisymmetric pattern in SSTj (ii) Tsai et al [1992] showed the syJriInetric component was dominated by the annual signal with no distinct 26-day waves, but the antisymmetric component has a significant 26-day signal.
Since the time between measurements in the original data is irregular, TA,(t) is first splined (with a tension of 0.5) to regular 24 h intervals. The time series used in this study are shown in Figure I , The seasoDal cycle is apparent as well astnany smaller period oscillations. The autoBpectrum at 5~E does not demonstrate a distinct peak near 26 days; whereas the spectrum at 5WE has a significant peak near this period. It will be shown below that these spectra are misleading. In particUlar, the spectrum at 53°E leads one to believe that there is no significant signal around 26-days. HoWever, the wavelet transform at 53°E clearly reveals the distinct presence of waves with periods of several weeks as well as their temporal evolution. Analysis According to (2) large nT(b, a)U indicates a high correlation with scaled structures in the data [Gamage and Hagelberg 1993] . Since a is related to the period of oscillation and b is time, the temporal evolution of the spectrum is revealed by the distribution in the large coefficients of the WT. The transforDlS of the T A data are presented in Figure 2 . In the transforms shown below, the Morlet wavelet g(t) = exp(id) exp( -t2 /2) with c = 5.0 is used. (Lower Values of c produce a wavelet that significantly deviates frOm zero mean and the higher values yi~lds rapidly oscillating wavelets). This wavelet was chosen for its simple relation to the familiar Fourier modes. The energy density of a periodic function /o(t) = Asin("1Ot) is then a-I A2exp[-(alAiO -c)2]. This is a gaussian in parameter spa£e, compared to a delta function in Fourier space. However, for signals such as /o(t) a corr~ndence between scales of local transform maxima and Fourier modes can be found aoalytkally using certain wavelets such as the Morlet wavelet. In this case the relation is given by [Meyers et al19931, l ( C v'2+& ) "10 = 2" ;; + , The data consists of 8-bit (O.125°C resolution) SST measurements on a 0.50 grid taken roughly every 24 hoUrs during 1987 and 1988. It extends from 300E to 1200E and from 300S to 3O0N. The source inStrument is the AVHRRdevice onboard the NOAA 9 satellite. covariance transform replaces a-l/2 with a-I. This transform does not preserve the L2-norm [e.g., Ganiage and Hagelberg 1993] .) The scale parameter a in T,(b,a) correspondS to wavelength or period if the data is spatial or temporal respectively. More formally, a is the support of the wavelet. (It is not possible to establish an analYtical relation between a and wavelength for many wavelets, e.g., those of Daubechies [1988] .) Dilation parameter b then correspondS to position ot time. Equation (2) expandS a one-dimensional time series into the two-dimensional parameter space (b, a) and yieldS a measure of the relative amplitude of local activity (over an intei-val proportional to a) at Scale a at time b. This is in contrast to the Fourier transform which yieldS an average amplitude over the entire data set.
The WT haS several desirable properties. For instance, it preserves an L2 norm, i.e., £: 1/(t)12dt = C;I!::£:a-2I1T(b,a)1I2dbda, (3) where C, is the integral of IIg(w)1I21.A)-1 over all frequencies. The' indicates Fourier transform. The integrand in (3) may be considered an "energy density". Another useful property of wavelet analysis is invertability. For (2) the inverse transform (wavelet synthesis) reconstructs / from There are three main regioD8 of large wavelet coefficients for ,53°E. The fimt (region I) is the oblong region in 1987 roughly between &cales 7 < a < 30 that occurs August through November. The second (region II) is the short interval of activity in &cales 7 < a < 25 in April and May 1988. The third (region III) is between 20 < a < 35 from June to October 1988. In region I a rapid onset of wave activity occurs in periods of roughly 7 < a < 25 days. The energy density (3) in these scales during August is shown in Figure 3 and compared to the expected energy distribution for a single frequency. The relative narrown~ of the single-frequency distribution strongly suggests that the initial energy is distributed over a range of scales. The peak energy at this time is near a = 10 days. However, the signal is not stationary; its spectral characteristics c-nange during the next few months.
The energy spectrum in region I reaches a peak in September near periods of a = 17 days. By early October, the maximum energy is shifted to a = 20 days, though at decreased amplitude. By the end of November the amplitude has dropped significantly and the peak is now at a = 26 days and has a much better fit to a single-frequency power distribution. In contrast, region III is relatively stationary with a peak at a = 26
and with a peak amplitude that is about half the peak amplitude found in 1987. The energy distribution in regions I, II and III probably accounts for the lack of a significant peak in the autospectrum (Figure lc) . That is, since the Fourier transform yields average spectral coefficients, the varied characteristics seen in Figure 2a produce a smooth Fourier transform. The above analysis is in wavelet space and the a of maximum correlation depends upon the choice of g(t). Since the Morlet wavelet is used in these calculations, (5) implies the frequency shift in wavelet space in region I corresponds to a shift in FOtlrier space from 12 to 37 days with maximum amplitudes near 21 days.
At 56°E (Figure 2b ) there are regions in the transform that correspond to regions I, II and III. The 1987 waves show a similar change in scales over the same interval in time as at 53°E. However, at 56°E thcy appear to begin earlier and there is a short burst of activity at higher frequency analogous to the presence of region II before region III. The main 1988 waves are again relatively stationary, though compared to region III, the peak is at higher frequency and the spectrum is broader. The peak energies in 1987 and 1988 are at 23.5 days and 25.9 days respectively (in Fourier space). This narrow distribution of energy probably produces the peak near 26 days in Figure Id .
An improved understanding of the waves' evolution is obtained by bandpass filtering in wavelet space, where the range of integration in (4) is 10 < a < 40. Additionally, the WT is put through an amplitude thresholding that suppresses coefficients below a predetermined value. In this application, values below 0.3I1T(b, a)lImsz are set to zero. The resulting wavelet synthesis of the T A signals are shown in Figure 4 . 40 
Discussion
The wavelet transform confinns the analysis of Tsai et a1 [1992] at 5GOE and reveals the time evolution of the 26-day oscillation. Their results also showed roughly twice the amplitude at this period in 1988 than in 1987. -References though it is not clear that wavelet amplitude and complex demodulation are quantitatively comparable. Unexpectedly, the asymmetry is different at 53°E. We have conducted additional wavelet studies at 1/2°i ntervals between the 53°E and 5rE. These show patterns in wavelet space very similar to those presented in Figure 2 , with a transition between the two types of asymmetry at 56°E. Why the asymmetry occurs and why it is strongly position dependent may be partly due to the influence of the Seychelles Bank, but this remains a topic for future investigation. The signals in Figure 1a ,b are not stationary. They exhibit a frequency shift in 1987 but not in 1988. It might be that wave dispersion as studied in is the mechanism behind this shift. The spatial and interannual variations have yet to be understood but may be related to variations in windstress. A comparison of these results to a realistic wind-driven model of the Indian Ocean is planned.
Some of the main occurrences of the waves are subsequent to 8£tivity at scales 7 < a < 20 with peaks at a ~ 10 (e.g. region II). These short bursts during April and May occur before region III and precede the 26-day waves in both 1987 and 1988 at 56°E. Future investigations with larger data sets might examine whether these higher frequency bursts are common and any relation they might have to the 26-day waves.
